Aim: The aim of the present study was to investigate whether low dose genistein affects the invasion and epithelial mesenchymal transition (EMT) of prostate cancer (PCa) cells. Methods: Human PCa cell lines, IA8-ARCaP and LNCaP/ HIF-1a, were used in this study. The cell lines were found to process EMT in our previous study. The PCa cells were treated with increasing concentrations, from 0.1 to 75 µmol/L. Proliferation was assessed with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. EMT was proven by cell morphological transition and the expression changes of EMT-related markers, which were confirmed by RT-PCR, Western blotting, and indirect immunofluorescence labeling. Transwell invasion assay was used to analyze the invasive potency. Results: The addition of genistein to the medium reduced the IA8-ARCaP and LNCaP/HIF-1a viable cell number in a dose-dependent manner (with increasing concentrations from 15 to 75 µmol/L). Less than 15 µmol/L genistein was selected as the low dose concentration, which did not affect cell proliferation. The treatment of cells with low-dose genistein induced the reversal of EMT, which was confirmed by cell morphological transition and the expression changes of EMT-related markers. The reversal of EMT in the PCa cells by low-dose genistein was in a dose-dependent manner. Moreover, low-dose genistein effectively inhibited invasion of the PCa cells in vitro. Conclusion: These results showed that treatment with low-dose genistein may be a potential strategy for the suppression of invasive growth through the reversal of EMT in cancer cells, which justifies the potential use of soybean foods as a practical chemopreventive approach for patients with PCa.
Introduction
Prostate cancer (PCa) is the second most frequent cause of cancer death among males in the USA [1] . The invasion and metastasis of cancer is a major cause of death among PCa patients. Despite the widespread presence of clinically insignificant tumors in elderly men, PCa commonly has an aggressive phenotype that requires prompt intervention [2] .
Therefore, PCa is a highly desirable target for effective and tolerable antimetastatic drugs. Epithelial mesenchymal transition (EMT) is an important process during tumor progression by which epithelial cells acquire mesenchymal, fibroblast-like properties and show decreased intercellular adhesion and increased motility [3] . Increasing evidence emphasizes a critical role of EMT during PCa progression and malignant transformation, endowing the incipient cancer cell with invasive and metastatic properties [4] [5] [6] . So EMT could be a very promising therapeutic target, and the inhibition of EMT may prevent or restrain the invasion and metastasis of PCa. Ideally, it should inhibit the early steps of invasion and metastasis. Genistein (4´,5,7-trihydroxyisoflavone) is a major isoflavone constituent of soybeans and soy products. The consumption of dietary genistein in the form of soy has been associated with a lower risk of PCa [7] . Genistein displays multiple biological activities in several preclinical model systems that relate to cancer prevention and is considered a cancer chemopreventive agent [8, 9] . In addition, genistein was also suggested to have antimetastatic activity. Epidemiological studies indicate that genistein consumption is associated with a lower incidence of clinical PCa metastasis [10] , and the potential effect of genistein on the metastatic activity of tumor cells has been confirmed in several experimental studies [11] [12] [13] . At pharmacologic doses, the main effect of genistein on PCa cells appears to be the induction of apoptosis [14, 15] . Some investigators have also reported that genistein suppresses PCa cell proliferation [16] [17] [18] . However, the genistein concentrations used in the majority of these studies are much higher than that is physiologically achievable. Because chemopreventive agents must be administered over long periods without toxicity, and must be given at doses associated with effective concentrations, mechanistic studies need to take these parameters into consideration [19] . Therefore, studies of genistein that take into consideration mechanisms that operate at physiologically-relevant concentrations are needed and can shed light on a widely consumed agent that may have cancer chemopreventive activity.
In our previous research [20, 21] , we established a HIF-1a
(hypoxia-inducible factor 1 alpha ) overexpression PCa LNCaP cell line (LNCaP/HIF-1a), and successfully proved that HIF-1a could induce the LNCaP cells to undergo EMT. IA8-ARCaP, a highly invasive clone of the parental ARCaP cell line [4, 22] , was derived from the ascites fluid of a patient with late-stage or advanced metastatic disease, which have been identified to process EMT in a previous report [4] . The 2 PCa cell lines were used in this study as an EMT cell model.
Focusing specifically on the physiological concentrations of genistein, we found for the first time that low-dose genistein can reverse the cell phenotypes of EMT in PCa IA8-ARCaP and LNCaP/HIF-1a cells without significantly affecting in vitro cell growth. Furthermore, low-dose genistein can inhibit tumor cell invasion of IA8-ARCaP and LNCaP/HIF-1a in vitro.
Materials and methods
Genistein Genistein (G-6649; Sigma, St Louis, MO, USA) was dissolved in DMSO as a 100 mmol/L stock and stored at -20 °C in dark conditions for a maximum of 3 weeks. Cells in the genistein-free treatment were incubated using the vehicle (DMSO of a similar concentration).
Cell culture Experiments were performed on 3 PCa cell lines, LNCaP, LNCaP/HIF-1a, and IA8-ARCaP. LNCaP/HIF-1a, with the stable overexpression of HIF-1a, was established in our previous research [21] , and was found to process EMT in our previous report [20, 23] . IA8-ARCaP (a kind gift of Professor Leland WK CHUNG, Emory University, Atlanta, GA, USA), a highly invasive clone of the parental ARCaP cell line, was derived from the ascites fluid of a patient with late-stage or advanced metastatic disease and cultured in T-medium (Life Technologies, Gaithersburg, MD, USA) containing 5% fetal bovine serum [22] .
IA8-ARCaP cells used in this study were from early passages, which have been identified to process EMT in previous report [4] .
Cell viability assay The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to determine viable cell number [24] . When needed, the cells were permeabilized for 15 min with 0.5% Triton X-100 in PBS. After blocking in PBS buffer containing 10% bovine serum (BS), the cells were incubated (2 h at room temperature) with an anti-E-cadherin monoclonal antibody diluted at 1:150 or with an anti-vimentin polyclonal antibody diluted at 1:100 in PBS buffer containing 3% BS. The cells were washed and incubated with a fluorescein isothiocyanate-conjugated secondary antibody diluted at 1:100 in PBS containing 3% BS. Cells were analyzed with a fluorescence inverted microscope (IX 50; Olympus, Yokogawa Japan).
Western blot analysis Cells were harvested in RIPA lysis buffer (1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 150 mmol/L NaCl, 10 mmol/L Tris-HCl, and a protease inhibitor mixture) for 10 min on ice. The total protein concentration was determined using Bio-Rad protein assay reagent (Bio-Rad, USA). Equal amounts of total protein were separated by SDS-PAGE, transferred to nitrocellulose membranes, and probed with a human-specific anti-E-cadherin monoclonal antibody (Santa Cruz, CA, USA), an anti-vimentin polyclonal antibody (Santa Cruz, USA), or an anti-β-actin antibody (Sigma, USA). Horseradish peroxidase (HRP)-conjugated secondary antibodies were used (Santa Cruz, USA), and secondary antibody detection was performed using Super Signal HRP (Pierce, Rocford, IL, USA).
RT-PCR analysis Total RNA was isolated from the cultured cells in the log phase using TRIzol (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions. One microgram of total RNA was reverse transcribed at 42 °C for 60 min using oligo(dT) as a primer and avian myeloblastosis virus RT (Promega, Madison, WI, USA). PCR was performed using Taq (TaKaRa, Shiga, Japan) polymerase. The sequences of primers used in this report were as follows: E-cadherin 5´-GTAACCGATCAGAATGAC-3´ (forward primer) and 5´-CGTGGTGGGATTGAAGAT-3´ (reverse primer); vimentin 5´-TGGCACGTCTTGACCTTGAA-3´ (forward primer) and 5´-GGTCATCGTGATGCTGAGAA-3´ (reverse primer); and β-actin 5´-GTGGGGCGCCCCAGGCACCA-3´ (forward primer) and 5´-CTTCCTTAATGTCACGCACGATTTC-3´ (reverse primer). PCR products were visualized by eletrophoresis through 1.2% agarose gels and quantified with Glyko Bandscan gel analyzing software (Glyko, Novato, CA, USA). Parallel reactions were run using human β-actin as a control for RT-PCR. All assays were performed at least 3 times.
Invasion assay The invasiveness of tumor cells was performed in vitro using a transwell chamber system with 8.0 µm pore polycarbonate filter inserts (Corning Coster, Cambridge, MA, USA). The lower side of the filter was coated with 10 µL gelatin (1 mg/mL), and the upper side was coated with 10 µL of the matrigel. PCa cells ( 5×10 3 ) were placed in the upper part of the filter. The chamber was then incubated at 37 °C for 24, 48, and 72 h. The cells were fixed with methanol and stained with Giemsa. The invasiveness of tumor cells was determined by counting the total number of cells on the lower side of the filter at 100× magnification. For each replicate, the tumor cells in 10 randomly selected fields were determined, and the counts were averaged. Data analysis Results were expressed as mean±SEM. Statistical comparisons were made with the Student's t-test. ANOVA for multiple comparisons was used as noted. In all cases, P<0.05 was considered significant. All statistical tests were performed with statistical analysis software (SPSS, Chicago, IL, USA).
Results

Identification of EMT in PCa cell lines Cells that
have undergone EMT are characterized by a loss of epithelial cell adhesion and cytoskeleton components and acquisition of mesenchymal components. LNCaP/HIF-1a, with a stable overexpression of HIF-1a, was established in our previous research [21] , and was found to process EMT in our previous report [20, 23] . IA8-ARCaP cells have been identified to process EMT in a previous report [4] . In the present study, we first identified the characteristics of EMT in LNCaP, LNCaP/HIF-1a and IA8-ARCaP cells by examining the expression of EMT-relative markers, cell proliferation, and invasion. As observed in Figure 1 , LNCaP cells expressed higher E-cadherin, which is typically associated with epithelial cells; however, LNCaP/HIF-1a and IA8-ARCaP cells displayed a higher expression of the vimentin protein, which is associated with mesenchymal cells, and an undetectable expression of epithelium-associated E-cadherin genes. All the results were confirmed by Western blotting. Since EMT has been identified as being associated with increased cancer cell invasion and proliferation, we evaluated the possible correlation among these cell lines with different characteristics of EMT. Cell invasion detected using a transwell chamber coated with a matrigel barrier (Figure 2) , and cell growth as assessed by MTT assay (Figure 3) , were also analyzed. From the results, we can see that compared with the LNCaP cells, the invasive potency and growth rate for LNCaP/HIF-1a and IA8-ARCaP increased significantly (P<0.05).
Together, these results suggest that there was an actual Figure 1 . Expression of EMT-associated proteins was detected by Western blot analysis of 2 PCa cell extracts using corresponding antibodies. When the β-actin protein was used as an internal standard, the expression of the epithelial protein E-cadherin was only detectable in the LNCaP cells, whereas LNCaP/HIF-1a and IA8-ARCaP cells displayed higher expressions of mesenchymal protein vimentin. This means that LNCaP is an EMT-negative cell line, whereas LNCaP/HIF-1a and IA8-ARCaP have undergone the EMT process.
difference in the EMT phenotypes among these cell lines. According to our result, LNCaP was an EMT-negative cell line, whereas LNCaP/HIF-1a and IA8-ARCaP have undergone the EMT process. Moreover, we further observed the difference in cell morphology. As observed in Figure  4 , IA8-ARCaP cells exhibited a fibroblast-like shape and LNCaP cells displayed an epithelial-like shape. However, LNCaP/HIF-1a cells still showed an epithelial-like phenotype, despite having undergone the EMT process. Inhibitory effect of genistein on PCa cell proliferation Several in vitro studies have shown that genistein inhibits the proliferation of a wide range of cancers [25, 26] .
However, the inhibitory effect of genistein is often reported to be at concentrations exceeding its physiological level. Moreover, the estimation of the inhibition of cell growth by genistein is frequently, at least in part, affected by the Since the aim of our study was to characterize the effect of genistein on EMT and cell invasion in physiologicallyrelevant and non-toxic concentrations, in subsequent experiments, genistein was used at concentrations of 0.1-15 µmol/L. 
Reversal of EMT induced by low-dose genistein in IA8-ARCaP and LNCaP/HIF-1a cells
Changes in the cell morphology of IA8-ARCaP were assessed under an inverted phase-contrast microscope ( Figure 6 ). We found that culturing cells with low-dose genistein (15 µmol/L) for 24 h resulted in morphological changes of these cells from a fibroblast-like shape to an epithelial-like shape. After incubation for 48 h, the cells adopted a more epithelial-like morphology and enhanced their cell-cell contact.
In addition to the morphological changes, the phenotypic markers expressed in IA8-ARCaP cells after low-dose genistein treatment were also detected using immunofluorescence staining, RT-PCR, and Western blot assay. We observed that genistein induced the E-cadherin expression of IA8-ARCaP cells within 24 h (Figure 7 ; P<0.05). However, in parallel with the marked increase in the E-cadherin epithelial marker, genistein significantly decreased the expression of mesenchymal marker vimentin at a low-dose concentration (Figure 7 ; P<0.05).
Immunostaining with antibodies to E-cadherin and vimentin showed the changes in the localization and expression level of these EMT-related proteins as an effect of the low-dose genistein ( Figure 7A ). Our data suggested that genistein can reverse the EMT phenotype of IA8-ARCaP cells at a low-dose concentration.
Although LNCaP/HIF-1a cells have undergone the EMT process, these cells still displayed an epithelial-like phenotype. So we detected the changes of the phenotypic markers expressed in LNCaP/HIF-1a cells after low-dose genistein (15 µmol/L) treatment using Western blot assay. The same results as IA8-ARCaP cells were found in LNCaP/HIF-1a cells, which showed that low-dose genistein induced the E-cadherin expression in parallel with the marked decrease in the mesenchymal marker vimentin ( Figure 8C ).
Concentration-dependent manner of EMT reversal in PCa cells by low dose genistein
To further characterize the reversal of EMT induced by low-dose genistein, we analyzed the effect of genistein on EMT-related markers, E-cadherin and vimentin, in PCa cells separately treated with various doses less than 15 µmol/L for 48 h. As shown in Figure 8 , exposure to low doses of genistein (0.1, 0.5, 1.0, 5, 10, and 15 µmol/L) led to the upregulation of E-cadherin expression in a concentrationdependent manner. At the same time, the expression of vimentin was reduced in the same manner. We found that low-dose genistein was able to induce the reversal of EMT in PCa cells, IA8-ARCaP, and LNCaP/HIF-1a. These results indicate that this phenomenon was in a concentrationdependent manner Low-dose genistein inhibits PCa cell invasion To investigate whether low-dose genistein could inhibit tumor invasion, the in vitro invasion assay with a matrigel model was performed. As shown in Figure 9 , the invasive activity of LNCaP/HIF-1a and IA8-ARCaP cells was decreased by low-dose genistein.
Cells were exposed to various doses (0.1, 0.2, 0.5, 1, 5, 10, and 15 µmol/L) genistein for 24, 48, and 72 h. The numbers of cells that digested matrigel and migrated through the 8 µm pores in the filter were counted. We found that genistein treatment (0.2-15 µmol/L doses) resulted in the significant inhibition of IA8-ARCaP cell invasion at every time point (Figure 9A; P<0.05) . Similar results were obtained for LNCaP/HIF-1a cells ( Figure 9B ). However, treatment with 0.1 µmol/L genistein could not inhibit PCa cell invasion (P>0.05). These results suggest that genistein can inhibit the in vitro cell invasion of IA8-ARCaP and LNCaP/HIF-1a cells at a low-dose concentration, and the threshold of the concentration to inhibit cell invasion was 0.2-15 µmol/L.
Discussion
To explore the effect of genistein on EMT in PCa cells, we selected 2 human PCa cell lines, IA8-ARCaP and LNCaP/HIF-1a. IA8-ARCaP cells can uniquely represent the molecular basis of PCa metastases and EMT, which was identified in a previous study [4] . Following cellular interaction between human PCa ARCaP cells and the mouse host, several changes in morphology, gene expression, and behavior were observed in this cell clone. This lineage-derived IA8-ARCaP cells undergoing EMT changes showed a spindle-shape fibroblastic morphology, and exhibited reduced cell adhesion and enhanced metastasis to the bone and adrenal gland [4] . LNCaP/HIF-1a, with a stable overexpression of HIF-1a, was established in our previous research [21] , and was found to process EMT in our previous report [20, 23] . In the present study, we further confirmed the characteristics of EMT in IA8-ARCaP and LNCaP/HIF-1a cells by examining the expression of EMT relative markers, cell proliferation, and invasion. In present study, we found that human PCa cells, IA8-ARCaP, and LNCaP/HIF-1a treated with genistein displayed a decreased viable cell number, which at low, physiologically-relevant genistein concentrations (<15 µmol/L), appears to have no inhibitory effect on cell proliferation, however, can significantly inhibit cell invasion in vitro. Our findings confirmed the results of previous reports that indicated that genistein suppresses the growth of human PCa cell lines. Peterson and Barnes [27] showed that pharmacological concentrations of genistein block the in vitro growth of LNCaP cells and DU145 cells. Onozawa et al [28] reported that the genistein concentration required to induce a 50% reduction in LNCaP cell growth was 40 µmol/L. Santibanez et al [17] also reported that high levels of genistein inhibit the proliferation and the in vitro invasion potential of LNCaP cells. Geller et al [29] reported that genistein decreased the growth of both BPH (50% reduction at 18.4 µmol/L genistein) and PCa tissue (37% reduction at 18.4 µmol/L genistein) in histoculture. Our finding of a genistein-induced growth inhibition in IA8-ARCaP and LNCaP/HIF-1a cells are consistent with these reports of the effects of genistein on PCa cell lines. At higher concentrations (>15 µmol/L), genistein also induced IA8-ARCaP and LNCaP/HIF-1a cell growth inhibition. However, at lower, more physiologically-relevant concentrations, the primary effect of genistein on these cells appeared to be cell invasion modulation, with minimal effects on proliferation. Although plasma genistein in heavy soy consumers can reach micromolar levels [30] , concentrations above 15 µmol/L are considered supraphysiological. We therefore focused on evaluating the mechanisms underlying the antiinvasive effects of genistein at concentrations no higher than 15 µmol/L. Recently, EMT has received much attention. EMT is actively involved in tumor invasion and metastasis. The reversal of EMT, that is MET, in cancer cells can decrease the invasive ability [3] . Therefore, the inhibition or reversal of EMT may prevent or restrain cancer invasion and metastasis. Ideally, it should inhibit the early steps of invasion and metastasis. In our study, we found that after treatment with low-dose genistein (15 µmol/L) for 48 h, IA8-ARCaP cells displayed morphological alterations from the mesenchymal phenotype to epithelial phenotype and possessed an epithelial-like morphology, accompanied by an upregulated expression of epithelial marker E-cadherin and the loss of expression of mesenchymal marker vimentin. The same results can be found in LNCaP/HIF-1a cells, which showed that low-dose genistein induced the E-cadherin expression parallel with the marked decrease in the mesenchymal marker vimentin. Our results indicated that low-dose genistein (<15 µmol/L) was able to induce the reversal of EMT in PCa cells, IA8-ARCaP, and LNCaP/HIF-1a. This phenomenon was in a concentration-dependent manner. Moreover, our data also indicated that the inhibitory effect of PCa cell invasion by low-dose genistein was in a timedependent manner, and the threshold of concentration to inhibit cell invasion of IA8-ARCaP and LNCaP/HIF-1a was 0.2 to 15 µmol/L. Up until now, no data have been published about the effect of genistein on EMT of cancer cells. Here, we first demonstrated a novel anticancer effect of genistein: the reversal of EMT. Our results suggested that treatment with low-dose genistein may be a potential strategy for the suppression of invasive growth through the reversal of EMT in cancer cells. Although the chemopreventive antiproliferative effects of genistein have been well documented in many types of human cancers [14] [15] [16] [17] [18] , our results provide evidence to suggest that they may also be potential agents for the treatment of metastatic PCa, which justifies the potential use of soybean foods as a practical chemopreventive approach for patients with PCa. 
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